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The current situation in the spirits market in Europe can be characterised as supersaturated. For spirits producers it is thus increasingly difficult not only to increase but also to keep up the sale of their produce. New ways how to attract consumers are therefore sought. These include e.g. production of new products made from exotic raw materials according to special recipes, alternatively, the attention is focused on the quality and originality of raw materials. In the case of well-established and highly regarded kinds of spirits such as vodka, the producers can try to achieve, or at least approach, the renowned quality of brands such as the Russian Standard.
By European law, vodka is a spirit produced by rectifying ethyl alcohol of agricultural origin, or by filtering it through activated charcoal, after which a straightforward distillation or an equivalent treatment follows. These procedures selectively reduce the original organoleptic characteristics of used raw materials. Flavouring may be added to give the product special organoleptic characteristics (EC 110/2008) .
Traditional Russian vodka deviates from this general definition due to the raw materials used, and the technologies employed for fermentation, distillation and subsequent processing. Traditional raw materials for vodka production were cereals, especially maize and wheat (Lachenmeier et al. 2008; Art Maski Company 2010) . Currently, other raw materials can be also found on the bottle labels: potatoes, molasses or sugar beet (Ng et al. 1996; Lachenmeier et al. 2003; Art Maski Company 2010) .
Partly supported by the Ministry of Industry and Commerce of the Czech Republic, Project No. 2A-2TP1/124. The part of the study focused on HS-SPME/GC-MS analysis was carried out with the support of the Ministry of Education, Youth and Sports of the Czech Republic, Projects No. MSM 6046137305, and Specific University Research, Project No. MSMT 21/2011). In addition to the source of sugar, water is another very important raw material which has to have low hardness and, prior to use, typically undergoes several purification steps (e.g. sand filtration, deep filtration or various membrane filtrations etc.) (Blecha 2008; Lachenmeier et al. 2003 Lachenmeier et al. , 2008 . However, the appropriate parameters cannot be achieved by boiling or distilling, since water would then acquire the so-called distillation off-flavour (Art Maski Company 2010).
The most important technological step in the production of classical vodka is assumed to be its contact with activated charcoal, which eliminates organic admixtures from the ethanol solution and ensures the catalysis of a number of chemical reactions (oxidation, esterification, isomerisation, hydration, etc.) (Fillipova 1994; Ng et al. 1996; Fillipova & Fillipova 1997; Blecha 2008; Mukhin et al. 2009; Siříšťová & Melzoch 2009 ).
The simplest setup of the process based on the adsorption of substances on activated charcoal involves stirring of a certain amount of charcoal into an ethanol solution. The process is terminated by filtering the solid particles off. The amount of activated charcoal and the duration of the treatment depend on the type and quality of charcoal (Uher & Grégr 1964; Il'inich & Il'inich 2006; Siříšťová & Melzoch 2009 ).
Another possibility is the filtration of the ethanol solution through a large amount of activated charcoal packed in a contact column or several columns in series. The solution flows through the columns at a certain velocity that assures a sufficient contact of the solid and liquid phase (Dudetskij et al. 2001; Eliseev et al. 2006; Kovalev et al. 2007 ).
The quality of the resulting product is checked not only by sensory analysis, but also by a number of analytical characteristics such as alcoholic strength by volume, total acidity, dry extract (EC 2870/2000) and content of esters, aldehydes, higher alcohols and methanol. A very important characteristic is the content of volatile compounds. A traditional method for analysing volatiles in colourless liquids containing no extract is gas chromatography with a flame ionisation detector (GC-FID); samples can be injected without any pre-treatments. Contemporary production technologies achieve a high degree of alcohol purification resulting in only trace amounts of volatile substances. Since GC-FID does not enable to do an analysis of trace components and has a limited identification capability, analytical approaches with a higher potential for characterisation of alcoholic beverages are applied, such as isotope analysis (NMR or mass spectrometry based) or ion chromatography (Lachenmeier et al. 2003 (Lachenmeier et al. , 2008 . Quality vodka should contain a minimal amount of any organoleptic compounds, including volatiles. Because of low concentrations the analyses of volatiles in vodka are performed after using some of the pre-concentration techniques (Ng et al. 1996; Lachenmeier et al. 2003) . These include mainly solid-phase extraction (SPE) or solid-phase microextraction (SPME) in the direct (DI) or head-space (HS) mode (Ng et al. 1996; Lachenmeier et al. 2003 Lachenmeier et al. , 2008 Reshetnikova et al. 2007) . A suitable solution for the determination of volatile compounds with high sensitivity is the connection of solid-phase microextraction with gas chromatography coupled with mass spectrometric detection (HS-SPME/GC-MS). This technique allows the detection of trace amounts of analytes and, also, their identification based on the comparison of measured mass spectrum with the spectra stored in spectra library.
The present study was aimed at determining the effect of introduction of a new technological step represented by the filtration through a column of activated charcoal on the quality of vodka. It involved the optimisation of a pilot-plant operation, and testing the analytical and sensory parameters of vodka purified in this way. The economics of the introduction of the new technological step was also assessed.
MATERIAL AND METHODS
Processing of vodka on the pilot plant filtration device. The filtration device consisted of two 600 l sand filters and the actual 1500 l filtration charcoal column ( Figure 1 ) packed with 100 kg activated charcoal BAU-A. The charcoal was fabricated from ecologically pure birchwood (Siberian birch). Bulk density of the charcoal was 240 kg/m 3 . After rinsing the device with water, the vodka filtration was commenced. The device was gradually flooded with an alcohol solution containing 42% vol. ethanol, and the ethanol level was checked at the outlet with an alcoholometer. Optimum operation temperature was 18-20°C, since at higher temperatures the charcoal would release aldehydes. Analysed samples of alcohol and vodkas.
Samples collected from the pilot plant filtration device: S1 -vodka that was left in contact with charcoal in the filtration device for 3 days; S2 -vodka before filtration; S3 -vodka filtered at 400 l/h flow rate; S4 -vodka filtered at 700 l/h flow rate.
Samples of commercial products (vodkas): K1 -Alexander Pushkin vodka 40% vol., original packaging, Czech origin, produced from rye alcohol and treated with a dose of charcoal powder with subsequent filtration on a plate filter; K2 -Alexander Pushkin vodka 40% vol., original packaging, Czech origin, produced from rye alcohol and treated on the filtration device with charcoal; K3 -Kaiser Franz Joseph vodka 40% vol., original packaging, Czech origin, produced from molasses alcohol and untreated; K4 -Tsar Golden vodka 40% vol., original packaging, imported from Russia, special recipe. Targeted analysis of volatile organic compounds (GC-FID). To 1 ml vodka sample 50 ml solution of internal standard (1,4-dioxan, 99+%; Sigma-Aldrich, Steinheim, Germany, 2 g/l 100% ethanol) was added. The sample was then directly analysed using an HP 5890 gas chromatograph equipped with a flame-ionization detector (Agilent Technologies Inc., Carlsbad, USA) and a fusedsilica capillary column DB 624 (30 m × 0.32 mm × 1.8 mm) (J & V Scientific Inc., St. Louis, USA). Split injection (ratio 1:50) at 250°C and a flow rate of 20 ml/min of helium carrier gas were used. Detector temperature was held at 300°C; the oven temperature was programmed as follows: 40°C (4 min), 4°C/min to 80°C, 20°C/min to 220°C (2 min); the total analysis time 23 minutes. Detection and quantification limits and repeatability limits were determined and calculated according to Eurachem Guide (1998).
Fingerprinting head-space analysis of volatile organic compounds (HS-SPME/ GC-MS). All samples were diluted with distilled water to obtain the same content of ethanol (20%, v/v). The diluted sample (3 ml) was placed into a 10 ml vial (Supelco, Bellefonte, USA) and sealed by a magnetic cap with a PTFE/silicon septum (Sigma-Aldrich ® , St. Louis, USA). After the equilibration at 35°C for 10 min, the extraction of volatile organic compounds from the head-space was performed by a fused silica fibre coated with PDMS/CX/DVB (30/50 µm; Supelco, Bellefonte, USA). The sorption (30 min at 35°C) was conducted using a multifunction auto-sampler CombiPal (CTC Analytics, Salem, USA). The extracted compounds were thermally desorbed (1 min at 230°C, splitless mode) in the injection port of a gas chromatograph (GC System 7890 A; Agilent Technologies, Santa Clara, USA), separated on an INNOWAX column (30 m × 0.25 mm × 0.25 µm; Agilent Technologies, Santa Clara, USA) and detected by a mass spectrometric detector equipped with a time-of-flight mass analyser (TruTOFMS; LECO Corporation, St. Joseph, USA).
GC separation. Oven temperature program: 40°C (1 min), 8°C/min to 250°C (2.75 min); the total run time 30 min; carrier gas helium, constant flow 1 ml/minute. TOFMS detection. The GC MS interface and ion source temperature were maintained at 230°C and 220°C, respectively. Mass spectra were acquired in electron ionisation mode (70 eV) across the range of 30-500 amu.
ChromaTOF software (Vers. 4.24) was used for the data evaluation; a tentative identification of deconvoluted peaks was based on NIST ® library 2008 mass spectra search. The identification of some selected analytes was confirmed by determination of retention indices using a mixture of n-alkanes (C8-C20) dissolved in n-hexane (Supelco, Bellefonte, USA).
Sensory analysis. The samples from the pilot plant and the samples of commercial vodkas were 1 -first sand filter; 2 -second sand filter; 3 -filtration charcoal column evaluated by sensory analysis. The evaluators (sensory panel) assessed the aroma and flavour intensity, purity and harmony, and, also, the mildness and length of aftertaste. The overall impression was then evaluated by a point score. The point scale ranged from 0 (unacceptable) to 5 (excellent). The tasting was conducted independently by two evaluator panels, both panels had 7 to 10 evaluators. The resulting point score was obtained as the sum of nine mean values awarded to the particular criteria.
RESULTS AND DISCUSSION
On the basis of initial laboratory tests, a pilot plant filtration device was installed on the premises of Fruko-Schulz, Ltd.( Jindřichův Hradec, Czech Republic). The device that included an AC packed column (Figure 1 ) was then tested within the frames of conventional production operation. The tested parameters included mainly the effect of the residence time and sample flow rate on the sensory quality and composition of volatiles of the vodka. The results of GC-FID, HS-SPME/GC-MS and sensory analyses of the two selected sets of samples, which document the influence of introducing the filtration device into the production process in Fruko-Schulz, Ltd., are presented below. Table 1 summarises the results obtained by GC-FID targeted on acetaldehyde, methanol, 1-propanol, 2-butanol, ethyl acetate, 2-methyl-1-propanol, 1-butanol, 3-methyl-1-butanol, 2-methyl-1-butanol, and sensory analysis of samples S1-S4. At the validation procedure of GC-FID, the limits of detection of the above-mentioned compounds were between 0.4 and 1.4 mg/l, limits of quantification 1.1 and 4.7 mg/l, and repeatability limits 0.2 and 1.0 mg/l.
The GC/FID analysis did not reveal any significant differences between these samples. It showed only trace concentrations of methanol and acetaldehyde, which were comparable in all the samples. The reason for these negligible differences between the samples was that the test operation of the filtration device was performed with a high-quality superfine alcohol. In terms of obtaining more significant experimental results it would be better to use lower-quality alcohol in which the concentrations of accompanying volatile compounds would be higher. However, this was not feasible because it would not have been possible to compromise the quality of the products intended for the market. The sensory analysis revealed more significant differences between the samples ( Table 1 ). The evaluators clearly preferred samples S3 and S4 (samples filtered through the AC column at different flow rates) over samples S1 (sample left 3 days in contact with AC) and S2 (sample before filtration). These results have clearly shown a positive effect of the filtration through AC on the quality of resulting vodka. In terms of their significance for the producer, the results of sensory analysis are more important than the chemical composition of the ultrafine alcohol because the organoleptic properties of the product are an important indicator connected with a position of product on its market. The change in the concentration of compounds during the filtration process can be relatively small, but still having an effect on the sensory perception of the product, which is influenced in most cases by a mixture of many compounds, often present at low concentrations.
Since the GC-FID analysis has been shown to be an unsatisfactory tool for monitoring the chemical composition of the samples treated with AC filtration, we adopted a more sensitive HS-SPME/ GC-MS method, which allowed us to identify the compounds adsorbed by AC. A list of the main volatile organic compounds (VOC) identified in the samples of spirit S1-S4 is shown in Table 2 . The compounds were numbered from 1 to 29 according to their retention time (RT) obtained Acetaldehyde, glycolic acid and limonene were the substances with the highest abundance in the samples (Figure 2) . The significantly high content of glycolic acid in ample S1 (spirit left in the filtration column for 3 days) may have occurred because a large part of the adsorption area in the filtration column was already occupied, and the spirit, during a long-term contact, re-extracted this compound from the sorbent. The same applies to 2-pentylfuran and hexyl esters of carboxyl acids C2 and C4.
Terpenic compounds camphene and cymene, together with ethyl esters of carboxylic acids C6, C8, and C10, were completely removed from the raw material (S2) by continuous filtration through the column at both tested flow rates (4 hl/h -S3 or 7 hl/h -S4). The amount of some other compounds, such as limonene and hexyl esters of carboxylic acids C2 and C4, was reduced. Generally, the efficiency of charcoal filtration did not decrease at a higher flow rate (7 hl/h -S4). This is a surprising finding which contradicts the literature (Uher & Grégr 1964; Dunnet 1975) . The reason for the discrepancy may be the quality of the raw alcohol used. The publications that recommend the use of lower flow rates are older, i.e. they were based on the use of alcohol with a higher content of accompanying volatile compounds, removal of which required a longer contact time with AC and, consequently, lower flow rates during the filtration. Table 3 shows the results of GC-FID and sensory analysis of the second set of samples tested to confirm the relevance of the preceding results of the project. The samples used for these analyses were three Czech commercial vodkas in original packaging and one vodka of Russian origin. Like in the preceding set of samples, the GC-FID analysis showed only trace concentrations of acetaldehyde and methanol. The concentrations of methanol in these samples were not as uniform as in samples Czech, unfiltered; Czech, filtered; Czech, unfiltered; Russian standard) ; *sum of 9 mean values recorded in the evaluation of particular criteria S1-S4. This is due to the use of different quality alcohol in the production of vodkas K1-K4 (K1, K2 -cereal alcohol produced in the Czech Republic, K3 -molasses alcohol produced in the Czech Republic, K4 -cereal alcohol produced in Russia). Information on organoleptic properties of the products was obtained by sensory analysis, according to which the evaluators preferred vodka produced from cereal alcohol and filtered through AC (samples K2 and K4). Samples K1-K4 were also analysed by the HS-SPME/GC-MS method. The profiles of VOCs of Table 4 Time ( Table 4 . The analyses showed distinct differences between the tested samples. The highest number of volatile compounds was detected in vodka sample K1. The introduction of continuous filtration of alcohol through the column with bound activated char- Table 4 (A)
Time (min) sample K4 sample K4 coal (sample K2) led to the removal of substituted furans and ethyl esters of carboxylic acids C3, C4, C5, C6, and C8, shown in Figure 3 . The sample of imported Russian vodka (K4) contained 'natural' substances such as limonene, cymene, and ethyl esters of carboxylic acids C4, C8 and C10, shown in Figure 4 . VOCs were also analysed in sample K3 (Table 4 ). This vodka was produced from molasses alcohol and, as expected, all analyses showed the difference of this product from all the other samples. The results of our study could provide the basis for a misleading conclusion that this product has a lower quality. However, in terms of its market value, this product has found its target segment of consumers who prefer it over the products from cereal alcohol because of characteristic aroma.
CONCLUSIONS
A pilot plant filtration device which contained a column packed with activated charcoal was installed on the production premises of the spirit producing company Fruko-Schulz, Ltd. A number of samples were collected in the course of testing, and the analysis of two sets is described in this study.
During the study, the direct GC-FID analysis was shown to be unsatisfactory as a tool for evaluating the efficiency of the filtration device tested under routine production conditions which dictate the use of high-quality pure alcohol.
In contrast, the sensory evaluation of the same samples proved differences between them and provided useful clues for the producer with respect to potential placement of the products on the market. The evaluators preferred samples that were subjected to filtration using the AC filled column; furthermore, slightly better rating scored the samples filtered at higher flow rates.
The high-sensitivity HS-SPME/GC-MS method, thanks to pre-concentration, allowed the identification of a number of organic volatile compounds, and partially revealed the groups of compounds that are adsorbed on AC. The results of these analyses, similar to the results of the sensory evaluation, surprisingly showed that, within the range tested, the use of higher flow rates during the filtration process does not reduce the adsorption efficiency of the filtration device. This means that the duration of the process as a part of the production operation can be significantly reduced.
